Abstract-It is generally acknowledged that once a highly conductive channel is established between two charged and conducting materials, electrical breakdown is well established and difficult to interrupt. An understanding of the initiation mechanism for electrical breakdown is crucial for devising mitigating methods to avoid catastrophic failures. Both volumetric and surface discharges are of interest.
INTRODUCTION
In recent years, the study of non-thermal plasmas has been the focus of intense interest and several numerical and experimental efforts have yielded impressive results. These efforts have been largely directed towards applications of non-thermal plasmas for decontamination and biomedical applications. The mechanisms for propagation of pulsed streamer discharges are desirable to optimize the efficiencies of nonthermal plasmas for industrial applications, but also have widespread applicability for the mitigation of electrical discharges in atmospheric gases. This paper reports on two related research efforts in electrical breakdown: volumetric breakdown in atmospheric gasess such as air and nitrogen and surface flashover in dense media at pressures of an atmosphere and above. To aid our understanding of system reliability in our large pulsed power systems, as well as other systems, a detailed understanding of failure mechanisms is necessary. Toward is this goal, in addition to volumetric breakdown, failure by electrical discharge along a surface is investigated. Failure by the surface flashover of insulators in dense media is the single most prevalent occurrence limiting the reliability of large scale current drivers for energy applications. While it is known that the surface acts as a catalyst for the arc development, we lack even rudimentary theories for its development in pressures approaching atmosphere and above.
The technical approach is to conduct two separate and distinct experiments: one for volume discharges and one for surface flashover. The modeling efforts are related by first developing a code for the volumetric discharge, validating it with experiments, introducing a surface into the half-space and validating those results with experiment. To date, the volumetric comparisons have been done. The surface discharge modeling has begun and experiments are in development.
I. SURFACE BREAKDOWN
Theories of surface flashover in vacuum are sufficiently well developed that mitigating techniques have been developed. In dense media, we know that surface flashover largely proceeds much differently and in an unknown fashion. At atmospheric pressure, an important regime-for environmental purification and decontamination applications among others, the role the surface plays is particularly unclear. Recent, Sandia-sponsored research at Texas Tech University indicated that the interplay between the insulating surface and the gas determine the breakdown path. Breakdown between two electrodes partially-buried in an insulator in nitrogen will follow the electric field line through the gas volume and lift-off the surface. If a small amount of oxygen is added to the nitrogen gas, the breakdown path will shift and follow the surface. At higher gas pressures, the surface becomes the weakest part for most polymers, with Teflon appearing to be a notable exception. Only sparse research has been done experimentally, and much less has been done on the theory of how the electrical breakdown process proceeds in dense atmospheres.
Breakdown across a surface begins with an electron avalanche in a high electric field. As the avalanche moves across the insulator surface, electrons impact the surface. Due to secondary electron emission processes, and at the energies associated with gas breakdown, the electrons attach to the surface and begin to charge it. This affects the rate of avalanche growth next to the surface. As the number of electrons and ions in the head of the avalanche grows, the field due to these charged particles becomes larger than the imposed electric field. The avalanche transforms into a streamer which is a rapidly moving ionization wave that can sustain its propagation through low-field regions due to the field that it generates. High energy photons emanate from the head in all directions and ionize the gas ahead of and behind the streamer head causing ionization waves that propagate toward the electrodes in both directions. Large numbers of lower energy photons hit the surface and release electrons due to photoemission. The streamer heats up, or thermalizes, and forms a conductive channel before leading to an arc.
The approach being used to model the fast streamer (ionization wave) propagation and interaction with the surface is to capture the global propagation with a simplified fluid description (1.5 D with transverse expansion) and the local interactions with a 3D kinetic calculation. This approach simplifies the problem, allows computational resources to be focused on the local surface interactions, reduces problems with granularity or renormalized particles in the simulation and allows us flexibility in choosing what is included in the streamer model.
The kinetic rates are generated in an updated Monte Carlo code, known as BREAKDOWN. Rates in the gaseous volume, as well as rates for surface secondary electron emission and attachment, and photoemission with gas absorption, have been obtained from the MC simulation of the particle avalanche on the surface as a function of electric field. These simulations use gas emission cross sections and surface characteristics such as secondary electron emission and quantum yields. An example of the rates for nitrogen on a Teflon surface is shown in Figure 1 and the typical avalanche used in these calculations is shown in Figure 2 . Thus far, we have introduced known insulating surface interactions into a 1.5D model and examined streamer development and propagation. The interactions include dielectric polarization charge, secondary electron emission (which leads to surface charging) and photoemission. Rates were obtained from the 3D kinetic simulations. Field drives were first taken to be constant and then allowed to vary in time. An example of streamers propagating in air is shown in Figure 3 and across a Teflon surface in an air atmosphere is shown in Figure 4 . The simulation is initiated in the middle with the cathode directed streamers moving towards the left and the anode directed streamers moving towards the right. Time varying drives were used to initialize streamer development under high field conditions, followed by lower fields to estimate sustaining levels, which are minimum levels to continue steady state propagation. The driving electric fields are 75 kV/cm for the first 3.6ns, transitioning to5 kV/cm. The simulation results are shown in Figures 3(volumetric air) and Figure 4 (air with a Teflon surface). In these plots, the number density for the various populations, electron, positive ion and negative ion, are shown on the left axis and the electric fields is shown on the right. It should be noted that in these simulations, an initial radius must be chosen. These plots have an initial streamer radius of 50µm but we have shown the results to be invariant by varying this parameter by an order of magnitude. The plots show distinct changes in the distribution when the presence of the surface is introduced. 
III. VOLUMETRIC BREAKDOWN
The experimental arrangement consists of a low timing jitter, capacitive discharge pulser and a test chamber. The output of the exciting pulser is shown in Figure 1 . The test chamber is modeled as a transmission line with the gap formed by an interruption in the center conductor. The test chamber uses a variety of dielectrics to maintain its 52 Ω impedance as the radial dimension changes to accommodate high voltage. The chamber has a derivative electric field sensor prior to the gap and a current viewing resistor measuring the current through the terminating matched resistor network. The chamber has four viewports for visual observation of the discharge with the streak camera, a primary diagnostic.
The Streak tube is an EG&G model L-CA-24 (S/N 208) with a 50mm input surface and amplified with a 50mm Micro channel plate intensifier (MCP) and a 300um slit. The image is recorded on a CCD camera. The optical setup gives a spatial resolution of 26.9um per pixel and a temporal resolution range of 20.7 -285.7 ps per pixel. All streak data is taken with a temporal reference provided by an EG&G calibration source model CAL4IS which fires an 820nm, 20mW laser diode at a rate of once per 4 ns. In addition, absolute timing is obtained from an externally triggered laser diode. The timing between the applied voltage and the ramp of the streak camera is shown in Figure 7 . Figure 5 The output of the capacitive discharge pulser has an 8 ns risetime and is capable of producing pulses at peak voltages of 50 kV.
As part of this effort, a CCD camera was gated to 5 ns to capture a photo of the discharge before an arc was fully developed and is shown in Figure 6 . This photograph is characteristic of this series. The photo shows "stripe" at the center of the atmospheric air discharge. Experiments are planned to further investigate the nature of the discharge. The velocity of propagation of light emitted from a discharge in atmospheric laboratory air has been measured with a streak camera. The gap is 1.27 cm. The resultant steak image is shown in Figure 8 where the horizontal axis corresponds to gap distance and the vertical axis to time. The scale is shown in the upper quadrant of the streak image. The discharge initiates at the cathode (at the bottom of the streak data) with a constant velocity. Before the anode directed streamer is across the gap, a cathode directed streamer starts and results in acceleration. Figure 8 The streak image of a discharge in laboratory atmospheric air.
The experimental driving waveform was fed into the simulation code described above and allowed to run. This allowed a direct comparison between experiment sand modeling. As shown in Figure 8 , the discharge initially has a somewhat constant velocity and then begins to accelerate. To compare, the instantaneous velocity is used as various times. Table 1 shows the results of the instantaneous velocity at two different times, well into the discharge. The agreement between the two is quite good, but requires further investigation. Table 1 The comparison between experiment and simulation r of the instantaneous velocity at two different times shows good agreement.
IV. CONCLUSIONS
We have obtained initial results in a highly integrated research effort, encompassing modeling and experiments, and volumetric and surfaces discharges in atmospheric gases. We have performed initial comparisons of calculations with experimental data and obtained reasonably good agreement.
